Abstract Bone metastases are a pervasive problem in oncology. For many of these patients, pain due to osseous metastases is the predominant factor negatively influencing quality of life. High-intensity focused ultrasound (FUS) therapy is a novel technology used for the treatment of bone metastases. FUS can be done with either ultrasound or magnetic resonance guidance (USgFUS or MRgFUS respectively). We review the outcomes and toxicity of current studies using USgFUS and MRgFUS for the treatment of bone metastases. A recently completed phase III trial has confirmed statistically and clinically significant benefit in pain control and quality of life for patients with painful bone metastases who were not candidates for radiation therapy. Future areas of research include expansion of sites suitable for MRgFUS treatment, applicability of MRgFUS as a primary treatment for painful bone metastases either as standalone therapy or in combination with radiation, and development of conformal treatment devices.
Introduction
Bone metastases are a pervasive and daunting problem in oncology. Bone is the third most common organ involved by metastatic disease after lung and liver [1] . Autopsy studies have revealed that amongst the most prevalent cancers most patients with advanced disease develop bone metastases. In fact, as many as 90 % of breast and prostate cancer patients who die from their disease have evidence of bone metastases at the time of death [1] [2] [3] [4] . As systemic therapies have become increasingly effective, a concomitant increase in the prevalence of bone metastases has also occurred. For many of these patients, pain due to osseous metastases is the predominant factor negatively influencing quality of life. In the case of prostate cancer and breast cancer in particular, these patients often suffer for years with pain and disability due to bone metastases.
The need for effective new therapies for metastatic bone pain is clear. Studies indicate that approximately half of patients with bone metastases receive only temporary pain relief with treatment [5, 6] and this relief is seldom complete. Radiation therapy is considered the standard intervention for focal pain from osseous metastases when risk of fracture is not imminent. Prior series, however, indicate up to approximately a third of patients treated with radiation do not experience pain relief [1, 7] . Notably, a Radiation Therapy Oncology Group Phase III Trial, RTOG 97-14, revealed 34 % of patients with bone metastases do not obtain significant pain relief with radiation and only 17 % achieve complete response [1] . Retreatment rates are generally reported in the range of 8-20 % [8] ; however, pain often recurs in patients who are able to undergo retreatment leaving them with limited options.
Other therapies for bone pain generally yield modest results and can be associated with significant side effects. Many patients with bone pain are chronically managed with narcotic medications which are associated with widely recognized side effects including malaise, mental status changes, nausea, and constipation. Chemotherapy and hormonal interventions often have limited benefit in managing active bone pain and are frequently associated with significant side effects. Surgery can be useful for prophylactic treatment of extensive disease in weight bearing bones or stabilization after fracture provided patients are suitable surgical candidates including sufficient life expectancy. Radiation therapy is typically used following surgery.
Pain Assessment: Challenges and Methods
Pain is a subjective experience and therefore establishing benefit of interventions for alleviation of pain has proven problematic. The standard definition for pain, as developed by the International Association for the Study of Pain is: ''An unpleasant sensory and emotional experience normally associated with tissue damage or described in terms of such damage.'' The impact of pain is typically global. Quality of life can be impacted physically, emotionally, socially and financially. In addition, definition of clinically meaningful pain relief and impact on quality of life apart from statistically significant changes has also proven challenging given the dependence on patient reported outcomes. To assess pain and impact on quality life several instruments have been developed, validated, and endorsed by consensus panels and working groups. A consensus meeting of the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials (IMMPACT) resulted in definition of clinically significant changes in widely used tools to assess pain and its impact including the numeric rating scale (NRS) and brief pain inventory-quality of life (BPI-QOL). Descriptions of commonly used instruments are described below:
• Numerical rating scales (NRS): Developed by the World Health Organization (WHO) in 1994 [9] , the NRS is a 11-point pain intensity scale (0 = no pain and 10 = worst possible pain) which is widely used for the assessment of cancer pain and have been used to investigate the effectiveness of radiation therapy to relieve pain resulting from bone metastases [10, 11] . The NRS worst pain score is highly correlated with quality of life and with mild, moderate and severe pain categories [10] [11] [12] . A 2-point change on the NRS of pain intensity is accepted as a clinically important change in pain in patients with bone metastases qualitatively correlating with patients expressing that their pain is ''much improved'' with a 4-point decline equating with ''very much improved''. (See description of overall treatment effect scale [OTE] below)
• Visual analogue score (VAS): The visual analog scale for pain (VAS) is a type of rating scale (0 = death; 100 = perfect or optimal health), in which the patient marks a point on the line that matches the amount of pain he or she feels [13] . Changes in this score are widely used to estimate the efficacy of various treatments/medications for pain palliation. The VAS is conceptually similar to the NRS.
• The overall treatment effect scale (OTE) is an anchorbased method used to examine the relationship between the NRS score and an independent measure (or anchor) to explain the meaning of a particular change in a context that can be meaningful to clinicians. The OTE can be used to capture patient estimates of their global rating of change in pain at the treatment site to anchor change scores on a given instrument such as the NRS [11] . Subjects are asked to rate their perception of change, using a global rating scale to indicate whether they have improved, stayed the same, or worsened.
• Brief pain inventory-quality of life (BPI-QOL): The BPI-QOL is a questionnaire that enquires how much pain interferes with subjects' function in seven different areas of daily life including activity, mood, walking ability, normal work, relations with other people, sleep, and enjoyment of life. A 0-10 numerical rating scale, whereby 0 represents ''Does not interfere'' and 10 represents ''Completely interferes.'' Factor analyses of responses show that the 7 interference items load together onto a single factor and that a one point change is considered clinically significant [5, 6, 14] .
Clinical Experience with Focused Ultrasound
Image Guidance for Therapy High-intensity focused ultrasound (FUS) therapy can be done with either ultrasound or magnetic resonance guidance (USgFUS or MRgFUS, respectively). Published outcomes and toxicities of these techniques are displayed in Table 1 . The principal advantages of US guidance are low cost and accessibility as MR is not required. MR (Fig. 1) , however, has several advantages over US in regard to both imaging and treatment monitoring. MR allows for complete visualization of the therapeutic ultrasound beam path and more detailed imaging of the target. Temperature can also be measured with MR using proton resonance frequency shift (PRF; Fig. 2 ). Temperature measurement provides a quantification of thermal dose, which is useful both for ensuring adequate temperatures are achieved at the target while normal structures are kept at a safe temperature throughout the procedure. While PRF cannot be used to measure temperature in bone, measurement of temperature at the bone/soft tissue interface has proven adequate in the actual therapeutic setting. An additional advantage of MR guidance is that the extent of treatment can be assessed before the patient is removed from the MR machine to ensure that treatment goals have been met by assessing characteristic changes in ablated bone with magnetic resonance imaging.
Ultrasound Guided Focused Ultrasound (USgFUS) for Bone Metastases
Three studies (two prospective [15, 16] and one retrospective [17] ) using USgFUS for the treatment of primary bone tumors have been published. Among them, 100 patients were treated with USgFUS (using the Model JC from Chongqing Haifu Technology, China) with or without chemotherapy as primary or salvage therapy. The follow-up times ranged from 37 to 68 months (median, 43 months). The primary outcome measures were tumor response [15] and incidence of adverse events [16, 17] . After a median follow up time of 43 months, the average incidence of severe adverse events (i.e. RTOG Grades 3-4) was 12 %; Grade 2, 20 %; and Grade 1, 42 %. The most common toxicities included skin burns (average incidence, 45 %), followed by neuropathic pain (18 %), and bone fracture (2.7 %). Ligamentous injury, epiphysiolysis, and infection are rare and have occurred in less than 2 % of patients in one prospective study [15] . Pain secondary to tumor improved in 100 % of patients, though pain grading systems varied. The average 5-year rate of overall survival of this heterogeneous group of patients was 52 months. All studies used RECIST criteria to grade tumor response; the average rate of partial response was 39 %; complete response, 50 %; progressive disease, 7.3 %. These results, while difficult to extrapolate to metastatic disease, are sufficiently intriguing to support the enrollment of patients onto well designed trials for the use of USgFUS for secondary bone tumors.
Magnetic Resonance Guided Focused Ultrasound (MRgFUS) for Bone Metastases
Initial trials of MRgFUS for treatment of painful bone metastases yielded promising results. Two phase I/II trials [18 • , 19 • ] for treatment of osseous metastases revealed an excellent safety profile and high rates of pain response even as second line therapy. The results of these two trials coupled with additional patients treated under the same treatment protocol were summarized in a subsequent report. Thirty-six procedures were performed on 31 subjects [20 • ]. Twenty-one had previously received radiation to the treated site. Twenty-five subjects were available for 3 month post-treatment follow-up. Seventy-two percent of patients reported significant pain improvement. Average VAS pain scores were reduced from 5.9 prior to treatment Eligible subjects had distinguishable pain at one tumor site, and worst pain NRS score of C4 despite optimization of medication and other measures. Subjects with B5 painful bone lesions were eligible provided the targeted lesion had an NRS score C2 points greater than other lesions. The target lesion had to be located in ribs, extremities excluding joints, pelvis, shoulders, or posterior aspects of spinal vertebra below L2 and device accessible. Mirel's fracture risk score was B7. Subjects were randomized 3:1 to MRgFUS or sham treatment. Subjects remained blinded through month 3, except nonresponding sham-treated subjects were allowed cross-over MRgFUS treatment after 2 weeks.
The results of an interim analysis have now been reported [21 •• ] . A total of 134 (100 MRgFUS; 34, sham) subjects were included in an intent to treat analysis excluding screen failures. Blinding of sham subjects was excellent with 96 and 88 % on the MRgFUS and sham arms respectively indicating they believed they had received actual treatment.
Baseline patient demographic characteristics were similar in the two arms with the exception of gender with more females randomized to sham (81 %) than MRgFUS (56 %). However, this imbalance did not meaningfully affect the efficacy results. Disease characteristics were similar between groups.
All study endpoints were met. Three months after treatment 67 % of MRgFUS subjects experienced pain palliation compared to 21 % of sham subjects (p \ 0.001). A secondary efficacy endpoint measured the NRS as both change from baseline to month 3 and change from baseline to other study visits to evaluate time course of success. NRS scores in the MRgFUS arm decreased a mean of 3.8 points from baseline versus 0.7 points in the sham arm. Improvement in the MRgFUS arm was noted as early as day 1 with continued improvement through the first month with the improvement in pain maintained through study completion.
Quality of life was also markedly impacted by MRgFUS in this patient population. Overall BPI-QOL score mean change from baseline through month 3 was 2.4 points for the MRgFUS arm and 0.1 points for the Sham arm (p \ 0.001). Improvement in quality of life was immediate with significant mean improvement in BPI-QOL for MRgFUS subjects of 1.1 on day 1 post-treatment with continued improvement through month 2.
Seventeen subjects from the sham arm elected to crossover and receive MRgFUS treatment after un-blinding due to sham treatment failure. Seventy-six percent responded to MRgFUS treatment with mean improvement of 4.9 points on the NRS and 2.4 points improvement on the BPI-QOL. The safety profile of MRgFUS was excellent. Transient sonication pain during treatment was the most common adverse event.
The phase III trial results support and expand upon the findings of the phase I-II studies. Noting all subjects in this phase III trial either had an inadequate response to radiation or were unsuitable candidates for radiation, a clinically significant response rate of 67 % was achieved. Nearly one quarter of MRgFUS subjects experienced complete pain response. Importantly, response to MRgFUS was typically rapid with most responders experiencing clinically significant pain relief and improved quality of life within several days of the procedure. Similar to the phase I-II experience, MRgFUS was well tolerated with minimal toxicity. The strong statistical and most importantly clinically significant benefits of MRgFUS for treatment of bone metastases strongly support use of this modality for treatment of localized pain for patients who have persistent or recurrent pain after radiation or for whom radiation therapy is contraindicated.
Future Directions
Future areas of research include expansion of indications and sites suitable for MRgFUS treatment, applicability of MRgFUS as a primary treatment for painful bone metastases either as stand alone therapy or in combination with radiation, and development of conformal treatment devices. Given the wider availability of USgFUS, research into application of some of the current advantages of MR guidance, treatment monitoring, and verification to ultrasound guided therapy is also warranted. Current clinical trials of MRgFUS are listed in Table 2 .
Trials to date have focused on use of MRgFUS as a second-line therapy. The recently completed phase III trial had stringent eligibility criteria that, while necessary to minimize risk of confounding variables impacting study results, are not limitations to use as routine therapy. For instance in order to differentiate response, patients on the phase III trial could have no more than 5 painful lesions of which only one could be treated. Furthermore, the pain associated with the treated lesion had to be at least 2 NRS points greater than other lesions. A strict pain management optimization protocol also had to be followed prior to patients being allowed to move forward with treatment. These restrictive criteria meant to facilitate assessment of the value of MRgFUS in an investigative setting are, however, not limiting to routine clinical practice. As clinical experience with treatment of bone metastases grows it may also be possible to expand use to a greater number of anatomic sites. Use of conformal applicators, now in clinical trials, allows for greater latitude in positioning of the applicator to the treatment site as opposed to a table mounted applicator. This versatility should allow for expanded use of FUS in this patient population.
The role of FUS as primary treatment for painful bone metastases also warrants investigation. Additional consideration to the goals of treatment and methods to achieve them is required. Particularly in weight bearing bones, the issue of bone integrity and its relation to tumor regrowth must be accounted for which will likely require more aggressive treatment than required for pain relief alone.
Use of FUS in a multimodality treatment setting is a very intriguing avenue for future research. The biologic benefits to combining nonablative thermal therapy, often referred to as hyperthermia, to radiation is well established [22] [23] [24] [25] [26] [27] and there is growing evidence to support use of heat with chemotherapy [27, 28] and immunotherapy [29] [30] [31] [32] [33] . Given there is a heated but nonablated rim of tissue with thermal ablation, opportunity to take advantage of thermal biology exist both with ablative and nonablative application of FUS.
Conclusions
Focused ultrasound, particularly with MR guidance, has been shown to have a clear role in the management of painful bone metastases. A recently completed phase III placebo controlled trial confirmed that excellent rates of durable pain relief and improvement in quality of life for patients with oncologic related bone pain can be achieved with MRgFUS even in the second line treatment setting for whom radiation therapy is ineffective or contraindicated. Ongoing and future studies promise to define an expanded role of focused ultrasound in this patient population in acute need of effective new treatment options.
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